Abstract Radiation therapy after lymph node dissection increases the risk of developing painful and incurable lymphedema in breast cancer patients. Lymphedema occurs when lymphatic vessels become unable to maintain proper fluid balance. The sensitivity of lymphatic endothelial cells (LECs) to ionizing radiation has not been reported to date.
Introduction
Secondary lymphedema is a frequent and often dreaded side-effect of breast cancer treatment. The incidence of lymphedema is strongly correlated with axillary lymph node dissection followed by axillary radiotherapy [1] . Several studies have highlighted radiotherapy as an independent risk factor for lymphedema [2, 3] . Lymphedema occurs when lymphatic vessels become incapable of maintaining local fluid balance either through deficiencies in fluid uptake or the transport of lymph through larger collecting lymphatic vessels. Lymphedema is incurable and progressive, leaving patients with treatment options that are limited to palliative care. These treatments provide little relief, emphasizing the urgent need to develop methods that prevent or reverse the formation of lymphedema.
One potential treatment approach that has captured some interest in this field would employ lymphangiogenic growth factors to regrow the damaged vessels. The use of lymphangiogenic growth factors such as VEGF-C has been shown to reduce mild lymphedema in an animal model [4] . Unfortunately, strategies to induce lymphatic growth to correct the lymphatic deficits carry the risk of causing greater cancer dissemination if any cancer remains after therapy [5] .
It is well documented that proliferating cells are more susceptible to ionizing radiation, so it is expected that the proliferating lymphatic endothelial cells (LECs) of lymphangiogenic vessels would be more radiosensitive than their quiescent counterparts. Lymphangiogenesis involving LEC proliferation can be triggered by post-surgical wound repair, which precedes radiotherapy. However, known lymphangiogenic growth factors can also provide survival signals to LECs leading to the alternative hypothesis that LEC survival and recovery may be enhanced by lymphangiogenic signaling during wound healing [6] [7] [8] . There are limited data describing the responses of LECs and lymphatic vessels to ionizing radiation, with the data showing heterogeneous radiosensitivity depending on the experimental conditions (i.e. radiation dose used and the lymphatic tissue bed of interest) [9] [10] [11] [12] [13] . These studies use radiation doses significantly higher than what a LEC would receive in a single radiation fraction clinically. This somewhat confounds these data, since the mechanisms that drive the endothelial cell response to radiation heavily depend on the single fraction radiation dose [14] .
This work has focused on characterizing the response of dermal lymphatic endothelial cells to radiation. Here, standard colony formation assays were used to measure LEC radiosensitivity and compare it to blood vascular endothelial cells (BECs). Additionally, growth factors known to stimulate lymphangiogenesis-vascular endothelial growth factor (VEGF)-A [15] , VEGF-C [16, 17] and basic fibroblast growth factor (bFGF) [18] -were examined for their abilities to alter radiosensitivity when administered to LECs before and/or after radiation.
Materials and methods

Cell models
Human adult dermal LECs and human adult dermal BECs were obtained from Lonza (Basel, Switzerland) and grown in EGM TM -2MV Microvascular Endothelial Cell Medium-2 (Lonza) and used between passages 3 and 8. The starvation media (SF) consisted of the basal EBM media with the addition of hydrocortisone, gentamicin/amphotericinB, and ascorbic acid. The full growth media (GM) consisted of the starvation media supplemented with VEGF-A, bFGF, R3-insulin-like growth factor-1, epidermal growth factor and 5 % fetal bovine serum. The media additives to the EBM media that were used for the SF and GM were purchased as part of the Lonza EGM TM -2MV Bulletkit TM and used as directed. Cells were cultured on plastic or glass that was precoated with 0.001 % fibronectin (Sigma) dissolved in PBS.
Cell radiation and feeder cells
A broad-field 250 kVp X-ray irradiator with a dose rate of 1.89 Gy/min (Siemens Stabliplan 2; Siemens AG, Munich, Germany) was used for all radiation experiments. To maintain constant seeding density, lethally radiated BECs or LECs were plated as feeder cells with their respective viable cells so that each well had a total (viable plus feeder) of 20,000 cells plated. Feeder cells were generated by administering 20 Gy in one fraction.
Clonogenic survival assay
Clonogenic survival assays were performed on BECs and LECs to determine their baseline radiosensitivities. These assays were based on the previously described clonogenic survival assay protocol [19] . Briefly, LECs and BECs were cultured in GM and plated onto 6 well-plates pre-coated with 0.001 % fibronectin. Based on the plating efficiency, two different cell densities were plated for 0, 1, 2 and 3 Gy doses (1,600 and 3,200 LECs for the 0 Gy dose, 3,200 and 6,400 LECs for the 1 Gy dose, 6,400 and 12,800 LECs for the 2 Gy dose, 9,600 and 19,200 LECs for the 3 Gy dose). 20,000 viable LECs were seeded in all wells for 4, 5, 6 and 8 Gy as lower seeding densities yielded insufficient colony formation. After incubating overnight in GM, LECs were incubated in SF for 48 h prior to radiation to induce cell quiescence (Fig. 1a) . After irradiation, cells were immediately washed and replaced with SF for an additional 48 h. Cells were then placed in GM for 2 weeks, with media changes every 2-3 days. After 14 days of incubation, cells were stained with crystal violet. Colonies of greater than 50 cells were counted and the survival fraction was calculated using:
with the plating efficiency for each group calculated by its corresponding 0 Gy dose using:
Radiosensitivity of LECs with growth factors
The approach for these assays is summarized in Fig. 2a . To determine whether selected lymphatic growth factors (VEGF-C, VEGF, bFGF) alter the radiosensitivity of LECs, growth factors (GFs) were added to LECs 48 h prior to irradiation and removed immediately after irradiation for the duration of the clonogenic survival assay (Pre-treatment Assay). Conversely, to determine whether lymphatic GFs alter the ability of LECs to repair DNA damage and survive radiation-induced damage, GFs were added for 48 h after LEC irradiation (Post-treatment Assay). LECs were plated as described above. After incubating overnight in GM, LECs were divided into four groups. The first group (SF/SF) was incubated in SF for 48 h prior to irradiation. After irradiation, cells were immediately washed and replaced with SF for an additional 48 h. The second group (SF/GF) was also incubated in SF for 48 h prior to irradiation. After irradiation, cells were immediately washed and replaced with SF supplemented with a GF of interest [human VEGF-A (R&D Systems; 50 ng/ml), human VEGF-C (R&D Systems; 500 ng/ml) or human bFGF (R&D Systems; 10 ng/ml)]. These concentrations were chosen based on previously published determinations of effective dosages in LECs and BECs [20] . The third group (GF/GF) was incubated in SF supplemented with a GF of interest for 48 h prior to irradiation. After irradiation, cells were immediately washed and replaced with SF supplemented with a GF of interest. The fourth group (GF/ SF) was incubated in SF supplemented with a GF of interest for 48 h prior to irradiation. After irradiation, cells were immediately washed and replaced with SF for an additional 48 h. Cells were then placed in GM for 2 weeks, with media changes every 2-3 days. After 14 days of incubation, cells were stained with crystal violet. Colonies of greater than 50 cells were counted and the survival fraction was calculated using Eq. 1.
Statistical analysis
To compare curves of clonogenic survival versus time under different experimental conditions a General Linear Model was used of the form:
where Survival Fraction was calculated using Eq. 1, Dose was the amount of radiation in Gy, Group described the 4 groups (SF/SF, SF/GF, GF/GF, GF/SF), and Experiment denoted the independent repetitions of the assay (n = 3). The variables A ? B ? C denoted the doses for each experimental group (SF/GF, GF/GF, GF/SF) to be compared to the control (SF/SF). This set-up was the equivalent of a Dose*Group variable. Significance of any of the variables A, B and C on ANOVA identified experimental groups that had a different slope of the dose response curve compared to the slope of the control dose response curve. Statistical significance was considered when p \ 0.05. For all other assays, the standard t test or ANOVA was used to determine statistical significance as appropriate.
Cell cycle analysis and apoptosis detection
For cell cycle analysis, approximately 1 9 10 6 LECs were fixed in 90 % methanol for 4 h, followed by incubation with 25 lg/ml propidium iodide dissolved in PBS supplemented with 0.1 % TritonX. Cell cycle analysis and quantitation were performed by flow cytometry using the BD LSRII and BD FACSDiva software. The average number of cells in each cell cycle phase was determined from 3 to 7 samples per experimental group. For detection of radiation-induced apoptosis, LECs were fixed in 3 % formaldehyde followed by 90 % methanol and immunostained with cleaved caspase-3 (CC3) antibody 5A1E (Cell Signaling) according to the manufacturer's protocol. The total number of CC3-positive cells was quantified by flow cytometry from 3 to 5 replicates. Immunofluorescence microscopy Cells were fixed in 4 % formaldehyde in PBS and permeabilized in 0.3 % TritonX in PBS. For detection of DNA damage, immunofluorescence was performed with anticH2A.X-FITC antibody (Millipore). Cells were imaged by confocal microscopy using a 609 objective. The total number of positive foci per nucleus was determined manually. For determination of quiescence, immunofluorescence was performed with anti-human Ki67 antibody (ab15580, Abcam), and cells were imaged by confocal microscopy using a 209 objective. The total number of positive cells per field was determined manually. All microscopy was performed using an Olympus Bx61w1 confocal microscope.
Results
LEC radiosensitivity compared to BECs
The radiosensitivity of quiescent adult lymphatic endothelial cells (aLECs) was measured using colony formation assays and was shown to be similar to adult blood microvessel endothelial cells (aBECs) (Fig. 1) . The data were fit to a simple exponential model and D 0 (the dose required to achieve 37 % cell survival) was calculated as 2.6 Gy. The surviving fraction at 2 Gy (SF 2 ) was 0.48. Interestingly, the neonatal LECs (nLECs; D 0 = 1.6, SF 2 = 0.34) and human umbilical vein endothelial cells (HUVECs; D 0 = 1.3, SF 2 = 0.27) were more radiosensitive than the adult counterparts (Fig. 1b) . The radiosensitivity of adult LECs was similar to adult BECs, although our LEC plating efficiency of 6.4 ± 1.0 % was somewhat lower than our data and other published results for BECs (10-15 %) [21] [22] [23] .
LEC radiosensitivity in response to lymphangiogenic growth factors In order to test the ability of a growth factor to act as a radiosensitizer or a radioprotector, four experimental arms were arranged for each clonogenic survival assay (Fig. 2a) . The four arms tested whether the presence of the growth factor prior to radiation would have a different effect on LEC radiosensitivity compared to the presence of the growth factor after radiation. Neither bFGF nor VEGF altered the radiosensitivity of LECs when present before or after radiation (Fig. 2b, c) . VEGF-C, however, reduced colony formation when present before radiation (GF/SF vs. SF/SF, p \ 0.05) (Fig. 2d) . Three independent experiments showed similar, statistically significant responses (p \ 0.05), though there was variability in the magnitude of the response between each of the experiments (data not shown). The groups in which VEGF-C was added after radiation also showed a modest increase in radiosensitivity, though due to the intra-experimental variability, particularly at the higher radiation doses, statistical significance was not achieved (Fig. 2d) . None of the growth factors tested showed any radioprotective effects towards LECs in these clonogenic assays.
Cell cycle profiles of irradiated LECs
Radiation causes a delay in cell cycle progression in most eukaryotic cells. The result is a visible accumulation of cells in one or all phases of the cell cycle, depending on the cell type examined. Cell cycle analysis of LECs showed that the percentage of LECs in G0/G1 increased from 69.8 ± 1.0 to 87.5 ± 1.5 with a corresponding decrease in the percentage in S and G2/M when LECs were deprived of serum and growth factors (p \ 0.05, Table 1 ). When treated with VEGF-C, a higher percentage of LECs were in S and G2/M (9.6 ± 1.4 and 10.6 ± 0.4, respectively) compared with control (5.0 ± 0.9 and 7.5 ± 1.0, respectively) (p \ 0.05, Table 1 ). 24 h after radiation, while LECs were still in serum-and growth factor-free media (SF), all treatment groups maintained high G0/G1 fractions between 86.3 and 91.1 % (no statistical difference between samples). When media on this group of cells was switched from SF to GM for an additional 24 h, LECs from both control and VEGF-C groups that had received no radiation exhibited strong increases in S and G2/M populations with corresponding drops in G0/G1 (p \ 0.05 for all phases relative to status in SF media 24 h after radiation). LECs that had received either 2 or 4 Gy 48 h earlier showed modest increases in S and G2/M in response to GM stimulation for 24 h. These groups maintained higher G0/G1 fractions than their 0 Gy counterparts (p \ 0.05, Table 1 ), indicating that addition of GM was limited in its ability to promote cell cycle progression of the radiated LECs in both control and VEGF-C treated groups.
VEGF-C treatment predisposes LECs to increased DNA damage
The higher S and G2/M levels of VEGF-C-treated LECs suggested that LECs may be sensitized to radiation because of their more proliferative phenotype at the time of radiation. To test this, cH2A.X was used to compare the level of DNA damage in the control and VEGF-C-treated groups. cH2A.X is a phosphorylated histone that localizes to sites of double strand DNA damage [24] . These sites are visible by immunofluorescence microscopy as sub-nuclear foci. The extent of DNA damage was determined by counting the number of foci per nucleus for 30-50 nuclei per condition (Fig. 3a) . The average was then taken as a gross indicator of the level of DNA damage (Fig. 3b) . As expected, the number of foci increased proportionally to the dosage of radiation. Additionally, the number of cH2A.X foci increased with increasing concentrations of VEGF-C up to 500 ng/ml (p \ 0.05) at both 4 and 8 Gy of irradiation (Fig. 3b) .
VEGF-C pretreatment is protective against LEC apoptotic cell death
When cells are unable to repair damaged DNA, apoptosis and cell death often occur. To test whether VEGF-C-induced DNA damage in LECs resulted in an increase in apoptosis, LEC expression of the apoptotic marker CC3 was quantified. As expected, the CC3 level remained low for LECs maintained in GM while increasing for both the control and VEGF-C groups, which had been deprived of serum and growth factors prior to radiation. Surprisingly, VEGF-C reduced CC3 levels in all groups at 6 h after radiation Fig. 3 Pre-treatment with VEGF-C increases DNA damage. Radiation-induced DNA damage in LECs was detected by immunofluorescence for cH2A.X 20 h after radiation. Sub-nuclear foci formed by cH2A.X were imaged using confocal microscopy, scale bar 10 lm. Images shown represent LECs treated with 500 ng/ml VEGF-C (a). Dose-responsive effects were examined by pretreating LECs with 0, 50, 100, 250, 500 or 1,000 ng/ml VEGF-C. The total number of foci per nucleus was counted and averaged. Data were analyzed by ANOVA with Tukey's Honestly-Significant-Difference Test post hoc for each radiation dose (b). blue DAPI; green cH2A.X; *p \ 0.05 when compared to 0, 50, 100, 250 and 1,000 ng/ml of VEGF-C; **p \ 0.05 when compared to 0, 50, 100 and 250 ng/ml of VEGF-C at same radiation dose Fig. 4 VEGF-C does not enhance radiation-induced cell death. LECs were collected 6 h after radiation, stained for cleaved caspase-3 (CC3) and collected by flow cytometry. GM control is represented by LECs that have been grown in regular growth media. All other groups were starved prior to radiation. 0 Gy control groups did not receive radiation. Statistical analysis was performed using the standard t test. *p \ 0.05 (p \ 0.05 for all groups). While a radiation-induced, doseresponsive increase in CC3 was evident in the control group (p \ 0.05), the VEGF-C group did not show a similar responsiveness (Fig. 4) . Various time-points ranging from 3 h to 48 h showed similar dynamics, with VEGF-C reducing the number of CC3-positive cells (data not shown). These data indicate that VEGF-C reduction in colony-formation is not due to increased apoptosis, as VEGF-C may have a protective effect against radiation-induced apoptosis.
VEGF-C pretreatment promotes radiation-induced quiescence
Since VEGF-C did not enhance apoptosis in response to radiation, a quiescent phenotype in LECs caused by VEGF-C-enhanced DNA damage was tested next. Under this model, the lack of colony-formation would be explained by the loss of LEC reproductive capacity through cell cycle arrest rather than by loss of LECs through cell death. Ki67 is a well-established marker for assessing cellular proliferation. It is a nuclear protein that is expressed by a cell when it has entered into the active phases of the cell cycle (G1, S, G2 and M) but is not expressed when the cell is quiescent (G0) [25] . Ki67 was used to distinguish the populations of cycling cells from quiescent cells (Fig. 5a) . At the time of radiation, the VEGF-C-treated group showed higher Ki67 positivity than the control group (p \ 0.05), consistent with the well-documented proliferative role of VEGF-C on lymphatics as well as the cell cycle profiles presented here ( Fig. 5b ; Table 1 ). Ki67-positivity in all groups dropped 24 h after radiation, with radiated groups exhibiting [90 % reductions relative to the 0 Gy controls (Fig. 5c, e) . When GM was added to stimulate proliferation, Ki67-positivity did not increase substantially in either control or VEGF-C groups after 0 Gy (Fig. 5d) . However, irradiated groups exhibited increases in Ki67-positivity in response to GM (Fig. 5f ), suggesting that GM can revive the proliferation potential of LECs after irradiation. VEGF-C treated LECs, however, did not recover to the level of the 0 Gy VEGF-C group (p \ 0.05, Fig. 5f ).
Discussion
Lymphedema remains an incurable side-effect of radiotherapy. The lack of preventative and targeted treatments is due largely to a scarcity of knowledge regarding the mechanisms that drive LEC vessel dysfunction. This study reports the first LEC radiosensitivity curves, demonstrating that LEC radiosensitivity is similar to BECs. The results of four independent experiments showed a LEC plating efficiency of 6.4 ± 1.0 %. The plating efficiency of various blood vascular endothelial cells has been reported to be between 10 and 15 % [21] [22] [23] , which is similar to the observations presented here with aBECs. The radiosensitivity of HUVECs in this study was also comparable to previously published data [6, 7, 26] . The reason for the lower plating efficiency of LECs relative to BECs is unclear.
As part of the experimental design, 48 h of starvation was used to induce cell quiescence in order to mimic a stable, non-proliferative endothelium. It has been hypothesized that a quiescent endothelium is less sensitive. Initial experiments to determine the radiosensitivity of the blood vessel endothelium showed great variability that was also attributed to the proliferating nature of the endothelial cells in culture in comparison to the limited proliferation of endothelial cells in normal blood vessels in vivo [21, 26] .
Further examination of LEC radiosensitivity in response to VEGF-C indicates that, like most cell types, LECs are more sensitive to radiation when they are more proliferative at the time of radiation. By prompting cell cycle entry with VEGF-C, more DNA-damage is apparent in response to radiation. Paradoxically, apoptosis as a result of radiation is reduced when VEGF-C is present, indicating that the pro-survival role of VEGF-C towards the endothelium remains intact. A reduction in the number of Ki67 positive cells, however, shows that the LECs are no longer proliferating. This observation is consistent with a finding that has documented radiation-induced senescence of LECs of the lymphatic vessels in the mouse tail [9] . Our observation of quiescent LECs is also consistent with the observation that lymphatic vessels remain functional and capable of handling tissue edema shortly after the initial radiation dose [11] . The data presented here indicate that the presence of VEGF-C before and during radiation is protective against radiation-induced cell death; however, VEGF-Ctreated LECs are still severely damaged and incapable of further cell division. Thus pre-existing lymphatic vessels may survive irradiation and remain functional but may not be able to produce new lymphatic vessels in response to edema formation. These data also suggest that the presence of VEGF-C in tissue before, during and perhaps directly after radiation may predispose patients to lymphedema since LECs cannot proliferate sufficiently to repair damaged vessels in a healing surgical wound.
After axillary node dissection, there is a healing wound bed that promotes proliferation of endothelial cells and growth of new blood and lymphatic vessels as part of the healing process. It is during this healing process-the period in which cells are most vulnerable-that radiation is often administered to sterilize any remaining residual disease. The question remains as to whether anti-lymphangiogenic therapy would be beneficial when administered prior to and concurrent with radiotherapy. We hypothesize that the presence of VEGF-C may help predict lymphedema in women after axillary radiotherapy for breast cancer metastasis. Furthermore, VEGF-C may be a target to prevent lymphedema when targeted prior to radiotherapy.
These data also suggest that adult endothelial cells are less radiosensitive than their neonatal counterparts, both for the blood and lymphatic endothelium. It will become important to determine at what age a child's endothelial cells become less sensitive to radiation in order to better understand treatment effects in pediatric cancer patients.
These findings will need to be validated in vivo, where questions about the radiation dose and timing relative to surgery can be addressed, and the impact of VEGF-C on lymphatic radiosensitivity can be further explored. Moreover, the contributions of additional lymphangiogenic microenvironmental factors-including fibroblasts and macrophages-before, during and after radiation will need to be investigated. A fundamental understanding of these responses will guide radiation treatment planning, highlight therapeutic strategies to prevent radiation-induced lymphedema in cancer patients and potentially identify patients at greater risk for developing lymphedema.
